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ABSTRACT

We have obtained high-resolution wide-band, narrow-band and polarimetric images of
the bipolar protoplanetary nebula Roberts 22 with the Wide-Field & Planetary Camera
2 on HST. OH maser-line emission has also been observed using the Australia Telescope
Compact Array. The wicle-band images at 0.6/m show bright bipolar lobes shaped
like a butterfly’s “wings”, separated by a dark equatorial “body” of dense dust which
completely obscures the central star. The material within each lobe appears to be
organized into an amazingly complex pattern of a very large number of intersecting
loops and filaments. The bright lobes are surrounded by a fainter halo whose inner
region contains multiple thin shell structures, reminiscent of those seen in the prototype
protoplanetary nebula, CRL2688 (Egg Nebula). The halo can be traced to a distance
of about 25” from the nebular center. The radial surface brightness of the halo is
inconsistent with that expected for time-invariant mass-loss at a constant expansion
velocity. A simple model of the radial scattered light distribution supports the hypothesis
that the bright lobes are cavities with thin (<0’! 5), dense walls which are optically-thick
in scattered light. The amount of mass in the cavity walls is quite large (0.31vl@) and the
dynamical time-scale for their formation is short (g,440 yr). The bright lobes show high
fractional polarisation (40-50%) and a centro-symmetric polarisation pattern, typical of
a singly-scattering reflection nebula, In contrast, the polarisation in the dark equatorial
region is small, and the polarisation vectors do not show a simple orientation pattern.
The polarisation data has been compared with published models to set rough constraints
on the dust albedo and scattering phase function and the nebular optical depths. The
OH maser-line emission at 1665 and 1667 MHz is found to be concentrated in the the
dark equatorial region; the kinematics of the OH features indicates that they arise in
low-latitudes outflows. The nebular morphology in Roberts 22 is characterised by a high
degree of point-symmetry, which may result from the interaction of collimated bipolar
outflows with the progenitor AGB envelope.
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1. Introduction

Planetary Nebulae(PN) evolve fromintermediate
mass (l-8 IM@) stars, following a period of intensive
mass loss (10–5–10–4 M@ yr-l ) during the Asymp-
totic Giant Branch (AGB) phase of stellar evolution.
When most of the stellar envelope of the AGB star
has been expelled, the hot (Tcff ~25,000K) carbon-
oxygen (white-d warf ) core is exposed, so UV radia-
tion begins to ionize the surrounding circumstellar en-
velope (C SE) and a PN is formed. Multi--wavelength
ground-based imaging surveys have shown that even
though they evolve from mostly spherically–symmetric
AGB stars, the vast majority (W 80%) of PN de-
viate from spherical symmetry (e.g. Zuckerman &
Aller 1986, Schwarz, Corradi, & Melnick et al. 1992,
Aaquist & Kwok 1991, Kwok & Zhang 1998); a result
that has been confirmed by Hubble Space Telescope
(HST)/Wide Field& Planetary Camera 2 (WFPC2)
imaging (Sahai & Trauger 1998, hereafter ST98).

The origin of the overall morphology of PN and
their detailed structure poses a major problem for
our understanding of the dynamics of PN. Since
PN result from the ejected CSES of AGEI stars, PN
morphologies are probably created (or drastically al-
tered) during the evolution from the AGB to the PN
stage. The current paradigm for the shaping and
final morphology of PN – the generalised interact-
ing stellar winds ( “GISW” ) model – is that it results
from the interaction between a fast radiatively-driven
central-star wind with the CSE of the AGB progen-
itor (Kwok 1982, Balick 1987). Detailed hydrody-
namical calculations confirm that many common ax-
isymmetric morphologies of PN can be produced by
the GISW model (e.g. Mellema & Frank 1995 and
references therein). However, these models fail to ex-
plain point-symmetric and/or multipolar morpholo-
gies (e.g. ST98). ST98 suggest an alternative, but
related model in which the hydrodynamic sculpting
of the progenitor AGB envelope by high-velocity colli-
mated outflows early in the post-AGB evolution is the
primary mechanism for shaping PN. In order to test
this and other hypotheses (e.g. Mastrodemos & Mor-
ris 1998, Morris 1990, Livio 1993, Soker 1992, Garcia-
Segura 1997) for the shaping of PN we are carrying
out high-sensitivity, high angular-resolution imaging
of proto-PN (PPN – objects in transition between the
AGB and PN phases) and young PN.

In this paper, we report our results for the PF’N,
Roberts 22. This object has long been known as

a small (10” x 4“) bipolar reflection nebula (Roberts
1962, Sanduleak & Stephenson 1973), with a com-
pletely obscured central star (lnR > 16 mag), a
spectral type of A2 I (i.e. Tejj x1 O,OOOK) (in-
ferred from the optical spectrum of the bipolar lobes
which show scattered starlight), and time-variable
OH maser emission (Allen, Hyland & Caswell 1980,
hereafter AHC80). The Ha emission line (also time-
variable) has wings extending to +450 km S–l, show-
ing the presence of a high-speed outflow. Bujarrabal
& Bachiller 1991 (hereafter BB91) find CO line enlis-
sion at 1.3 mm, implying the presence of a dense,
extended, expanding molecular envelope.

2. Observations

The optical observations were obtained with the
WFP C2/HST. Both short and long expc)sures were
obtained in pairs, allowing us to check for and cor-
rect saturation effects (where necessary) and remove
cosmic-ray events. The Planet ary Camera (PC) chip
(800x800 pixel’ with a plate scale of O’.’O45pixel)l)
was used to image Roberts 22 through a wideband
filter centered at 606 nm (F606W, < ~ >==593.5 nm,
dA=149.7 nm), and narrow-band emission-line filters
(Ha, F656N and [S11],F673N). A total of 8 exposures
were taken with the PC (F606w – 2x 200s & 2x400

s; F656N – 2x200 s; and F673N – 2x4(IO s). The “
three Wide-Field Cameras (WF2, WF3, WF4) (each
800x800 pixel’ with a plate scale of O!’0996/pixel)
were used for polarimetric imaging of Roberts 22 at
0.6pm, using F606W crossed with the polarisation fil-
ter set POLQ. A total of 16 exposures were taken as
follows: F606W+POLQ (in WF2, WF3, & WF4) --
2x200 s & 2x400 s, and F606W only (in WF3) --
2x200 s & 2x400 s. These data yielded polarisecl
light images at three different polarisation angles.

The images taken in cameras WF2 and WF4, with
the F606W and POLQ filter set, were rotated by
90.26° (clockwise) and 90.56° (counterclockwise) re-
spectively to orient them correctly with respect to the
image in WF3. The rotation angles COUIC1be deter-
mined quite accurately using the large number of field
stars present in the images. The WFPC2 Polarisation
Calibrator tool was used to determine the appropriate
linear combinations of these images corresponding to
the Stokes parameters I, Q, and U, and thus the frac-
tional polarisation (p) and the position angle (PA) of
the polarisation vectors.

observations of the OH lines at 1665 ancl 1667
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MHz were carried out in June 1992 using the Aus-
tralia Telescope Compact Array (ATCA). The to-
tal observing time was approximately 3 hours. The
two OH lines were observed simultaneously using the
same calibrator, hence position errors between the
two transitions are eliminated. The angular resolu-
tion achieved is 4“, and the rms noise in the maps of
the emission is about 12 mJy.

3. Results

3.1. Optical Morphology

The F606W PC images of Roberts 22 are displayed
in Figure 1. An image with low spatial frequency
components suppressed in order to enhance the sharp
structures is also shown in false-color (the very faint
regions are coded in reel, whereas the brighter regions
are coded in orange and yellow). The images shows
bright bipolar lobes shaped like a butterfly’s “wings”,
separated by a dark “body” of dense dust (here-
after referred to as the equatorial region or waist)
which completely obscures the central star. A dark
“spur” juts out into the northern lobe, with a less-
pronounced linear extension towards the west, This
spur probably represents an overdense clump of dust
on the near side of the northern lobe, which absorbs
light from the bright lobe behind it. Within each
lobe, the structure, which at first sight looks simply
clumpy, on closer inspection shows organization into a
very large number of intersecting loops and filaments
(see Fig. lb). The bright lobes are surrounded by a
fainter halo containing multiple (about 5) thin shell
structures, reminiscent of those seen in the prototype
PPN, CRL2688 (Egg Nebula) (Sahai et al. 1998a, Sa-
hai et al. 1998b). In contrast to CRI.2688, where the
shells are nearly spherical, the shells in Roberts 22
appear distorted into shapes which roughly follow the
outline of the bright lobes. The nebular morphology
is characterised by a high degree of point-symmetry:
the bright lobes outline a region shaped like a parallel-
ogram, with the lines joining its vertices intersecting
in the center of the nebula. The dark equatorial waist,
oriented at a position angle of 121°, is close to, but
not exactly parallel to the sides of the parallelogram
on each side of it. The faint halo around the bright
lobes is roughly rectangular in shape (with rounded
corners); its long sides are roughly orthogonal to the
equatorial waist. We estimate mv = 13.0 for the whole
nebula. The northern (N) lobe is fainter than the
southern (S) one by =0.53 magnitudes. If both lobes

are intrinsically equally bright5, then the observed dif-
ference in their brightness could result from one or
both of the following two mechanisms, provided the
nebular axis was oriented such that the S-lobe was
nearer to us. The first mechanism is preferential at-
tenuation by an extended overdense equatorial region,
and the second is a strongly forward-throwing scatter-
ing phase function. The second mechanism appears
less likely based on our polarisation data (~3.3).

The F656N and F673N images of Roberts 22 show
an almost identical morphology to that seen in F606W,
indicating that we are mostly seeing scattered light
in both narrow-line filters. In the case of F656N,
the total counts/see are a factor 3.9–2.4 times larger
than the contribution expected (based on the ob-
served counts in the F606W image) from the scattered
continuum of an A-type star and a modest reddening
range of EB-V=O–l .5. This implies that the F656N
image is dominated by Ha emission from the cen-
tral emission-line star, scattered by the nebular dust.
The counts in the F673N image are roughly consis-
tent with those expected from the scattered contin-
uum light. Thus, there is no strong optical emission-
line flux which arises within the nebular lobes, con-
sistent with the low T,ff of the central star which is
insufficient for producing any substantial ionisation of
the nebular gas. However, the collision of the high-
velocity wind seen in Ha with the surrounding enve-
lope will result in shocks which could produce weak
but detectable ionisation.

In order to search for the existence of such ionised
gas, we have examined the F656N/F606W and F673N/F606W
ratio itnages (Fig. 2a & 2b, respectively). The im-
ages in Figure 2 show that the F656N/F606W and
F673N/F606W ratios are roughly constant in the
outer regions, but rise in the inner regions, including
the dark equatorial waist, by a factor %1.6. In the ab-
sence of variable nebular extinction, pure scattering,
would result in a constant value for the ratio in these
images. However, because of the reduced extinction \

in the wavelength ranges covered by the F656N and
F673N filters, compared to the F606W filter, an in-
crease in nebular extinction will produce an increase
in the F656N/F606W and F673N/F606W ratios. The
total nebular extinction, Av, for scattered light at any
point, P, in the nebula, is equal to the sum of the ra-
dial extinction from the star to P [Av (r)], and the

5we cannot exclude the possibility that the two lobes are intrin-
sically unequally bright, as e.g. the lobes of 0H231.8+4.2
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tangential extinction from P observed along the line-
of-sight [Av (t)]. For a radially decreasing density,
Av (r) increases with radius, whereas Av (t) decreases
with radius; hence without a detailed knowledge of
the nebular density distribution it is dificult topre-
dict how Av varies with radius. AHC80 estimate
that Av for a typical reflected light path in Roberts
22 is =5(9.5) for a A–3 (A–4) scattering law. We
find that for an A-type star, the F656N/F606W and
F673N/F606W ratios increase by factors of 1.2(1.6)
and 1.2(1 .8) for an increase in Av of 1.5(4.5) magni-
tudes. Hence it is quite likely that variations in Av
account for at least some, and possibly all of the vari-
ation seen in the F656N/F606W and F673N/F606W
ratio images. We conclude that our HST imaging cloes
not provide strong evidence of emission from shocked
gas in the nebular lobes of Robert 22.

3.2. OH Maser-Line Emission

The OH 1665 and 1667 MHz maser-line emission
is shown overlaid on the HST F606W image in Fig.
3(a,b). Both the 1665 and the 1667 MHz emission
regions are seen to be concentrated in the vicinity of
the ecluatorial waist region, with the strongest emis-
sion coming from near the geometric center of the
nebula. Since the systemic velocity of Roberts 22 lies
between O and -6 km s– 1 Vl,r (BB91,AHC80), the
extreme blue-shifted emission lies north-west of the
center, whereas the extreme red-shift ed emission lies
to the south-east. The emission bluewards of the sys-
temic velocity is significantly stronger than the red-
shifted emission, suggesting that the former includes a
contribution from amplified continuum emission due
to a central source (e.g. a compact HII region around
the central star). There is blue-shifted 1667 MHz
emission about 1” north of the center, probably asso-
ciated with the dark spur. The 1665 MHz emission is
notably more compact than the 1667 MHz emission,
similar to the situation in AGB envelopes, and con-
sistent with the theoretical expectation (Field 1985)
that the 1665 MHz line is emitted from higher tenl-
perature regions than the 1667 MHz line.

Although the overall spatial distribution of the OH
emission is similar to that seen in the very young
PN, Ml-92 (Seaquist, Plume & Davis 1991) and the
AGB object 0H231.8+4.2 (Morris, Bowers, & Turner
1982), where it has been modelled as dominantly aris-
ing in an expanding dusty equatorial torus, the de-
tailed spatio-kinematical structure of the OH en~is-
sion in Roberts 22 does not lend itself to a similarly

simple interpret ation. The OH emission blobs are dis-
tributed in a distinctly lop-sided manner around the
bipolarity axis, with the blue-shifted (red-shifted) fea-
tures lying, on the average, north-west (south-east) of
the center. This distribution may be interpreted as
arising in gas outflowing along directions whose pro-
jected orientations on the sky are spread in a n~od-
est range around the NW-SE direction. We therefore
propose that in Roberts 22, the OH emission is dom-
inantly associated with radially expanding gas at low

latitudes, possibly in the form of multiple bipolar6
outflows. The confinement of the OH outflows to
low latitudes, together with the inferred tilt of the
bipolarity axis of Robert 22 ($3.1), implies that the
blue-shifted (red-shifted) OH features should lie on
the northern (southern) side of the equatorial waist,
consistent with the observed pattern (Fig 3a,b). The
dark spur appears to be part of an outflow directed
towards us, consistent with our interpretation that it
is a dusty foreground structure which blocks bright
parts of the northern lobe (53.1). The production of
OH in the equatorial region may be due to evapora-
tion of water-ice mantles on grains (from increased
temperatures either due to radiation or shocks) fol-
lowed by photo- or shock- dissociation of H20. The
clumpy morphology of the equatorial waist suggests
that one or more fast outflow are dynamically break-
ing up the dense equatorial structure, which may have
been less clumpy earlier in the evolution of Roberts
22. The spur may be material which was originally
part of the equatorial waist.

3.3. Optical Polarisation

The polarisation images of Roberts 22 at 0.6pn1
are shown in Fig. 4. Figure 4a shows the polarisa-
tion vector field superimposed on a contour map of
the total intensity in a 12“ x 12“ region covering the
full nebula. The bright lobes show a relatively high
fractional polarisation (with median values of 40 and
50% respectively in the N and S lobes), and a roughly
centro-symmetric pattern, implying that most of the
nebular brightness in these regions is singly-scattered
light from the central star. In contrast, the polari-
sation field in the darker equatorial region between
the lobes is rather complex, with the average frac-
tional polarisation in these regions being significantly
lower than in the lobes. The NW equatorial region

6meaning oppositely-directed, and not to be interpreted as im-
plying alignment with the bipolarity axis of Roberts 22
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has the lowest polarisation (median value *5%); on
the SE side the polarisation is higher (median value
of N1OYO). The polarisation vectors are not aligned
along the equatorial plane. Ground-based polarinlet-
ric imaging Scarrott & Scarrott (1995) shows a centro-
symmetric polarisation pattern in the bright lobes,
consistent with our HST data. However, in the equa-
torial waist region Scarrott & Scarrott (1995) find a
pattern of “parallel” vectors, inconsistent with our
HST results. The “parallel” polarisation pattern is
most likely an artifact which results from the low
seeing-limited angular resolution of the ground-based
observations in the case of bipolar reflection nebulae
(Whitney & Hartmann 1993; hereafter WH93).

We compare our data to the models of scattered
light in dusty envelopes published by WH93; although
these have been constructed to simulate the condi-
tions in young stellar objects, we can use them to in-
fer rough constraints on Roberts 22. III these models,
the extended density distribution is essentially spheri-
cally symmetric, and is given by p(r)cx r ’312 for r>>rc,
where rC is the radius of a very small, geometrically-
thin, optically thick equatorial disk at the nebular
center. Thus, at radii small compared to the size of
the nebula, the density distribution becomes progres-
sively more flat tened. Qualitatively, to zeroth order,
such a density distribution is not unlike what we en-
visage for Roberts 22. WH93 provide model images
and polarisation maps for a large number of mod-
els, with and without bipolar cavities. Two types of
grains are used: type 1 having a high albedo (w=O.5)
and a forward-throwing phase function, type 2, hav-
ing a low albedo (u=O.2) and a Rayleigh-scattering
phase function.

A direct comparison of the contours defining the
Roberts 22 image with the models - in particular the
“pinched-in” ones defining the equatorial waist - show
that only the highest inclination (i=angle between
line-of-sight and bipolar symmetry axis of nebula),
highest optical depth models provide qualitatively
reasonable fits. Thus amongst moclels 1-4 (models
without bipolar cavities), and models 5-10 (with bipo-
lar cavities), only models 1,2 & 5-8, at z = 90°, pro-
vide good fits tc) the observed morphology. The mod-
els are numbered such that model within the pairs 1
& 2, 3 &4, ..,, 9 & 10, are identical except that the
grain albedos and phase functions belong to type 1 (2)
for the odd- (even-) numbered pair. Amongst these
models, the typical polarisation levels in the bipolar
lobes are x25% for the high-albedo models (1,5,7)

and 2s50% for the low-albedo ones (2,6,8). Thus our
Roberts 22 image is better matched by models with
type 2 grains, i.e. 2,6,8. All models are characterised
by the envelope optical depth, I-, measured along a
line-of-sight to the inner radius of the envelope, as a
function of the inclination angle. In models 2,6,8z8, .
at e.g. i = 60°, ~ is 5,11 & 3.4, respectively; for the
models which do not fit, the corresponding values of
~ are significantly lower (~ 1.6). For models 2,6,&8,
the optical depth in the equatorial plane, ~, at angles
i = 84° – 90°, lies respectively in the ranges 8.9-20,
24-50, &7.5-20 consistent with the lower limit of 16.5
which we estimate in 33.4 from our images, In con-
trast, the non-fitting models have equatorial optical
depths which lie in the range 2.8-5, and are therefore
too low. The average number of scatters in models
2,6,&8 is 1.2-1.3, i.e. close to unity, implying that the
observed light is dominated by singly-scattered pho-
tons, even though the scattering medium is optically-
thick.

3.4. Radial Distribution of Scattered Inten-
sity

The singly-scattered light in the lobes can be mod-
eled to set constraints on the radial extinction of
starlight and the line-of-sight scattering optical depth,
~10~,as a function of radius. For an optically thin scat-
tering nebula (i.e. ~10~< 1), the ratio oft he observed
scattered light intensity (SA) at any point, P, to the
incident stellar radiation at P, is directly proportional
to TJOSas follows:

41rD2
T/O~ = 4yf?@2S~

LA exp(–~,.t)
(1)

where LA is the stellar radiation per unit wavelength,
D is the distance to the nebula, @ and exp(-~,zt )
are,’ respectively, the angular distance and attenu-
ation from the star to P. The factor y depends on
the radial density distribution, and varies from unity
for the case when the bulk of the scattering material
along the line-of-sight is localised at P, to 2 for an
inverse-square density envelope. If exp (-Te.t ) is negli-
gible, then ~10~can be estimated using Eqn. 1, since

LA Fbol
— = (—)

21rllc/A3

47rD2 c7T~ff exp(hc/MW.ff) – 1
(2)

where Fbol, the bolometric flux, is determined from
ground-based and IRAS photometry to be 2.5 x 10–7
ergs s-lcm-2 (54), and T,ff = 104K ($1).
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In Figure 5(a), we show representative radial cuts
of the 0.6pm surface brightness, SO.G#nlgenerated
from the F606W image recorded with WF3 (see $2).
This image has significantly higher signal-to-noise and
covers a much larger field-of-view than the F606W PC
image. Each cut is 6° wide, and the mean direction
of each cut is shown in Figure la. The cuts at high
latitudes (aa’, bb’, cc’, dd’), which traverse the bright
lobes, show a bright “core” region, O~(2-2!’5), where
the surface brightness, SO,Gpm, varies rather slowly
with radius, followed by a “halo” region where it first
drops very rapiclly out to r%7’’(imler halo), and then
more slowly (outer halo). Cut ee’ traverses the equa-
torial plane, and shows a steady decrease in the in-
tensity with raclius. In Figure 5(b), we present the
radial intensity averaged over a large angular range,
allowing us to increase the signal-to-noise ratio in the
very faint outer regions. The angular region was se-
lected to avoid the presence of very bright field stars,
which contribute a significant amount of scattered
light around them. Faint stars have been “removed”
fromthea ngularr egions. included inthecuts by the
mean nebular level obtained by interpolation across
their locations. The outer halo can be seen to ex-
tend out to at least rx20”, and perhaps as far as 30”,
where it becomes limited by uncertainties in the back-
ground sky level. Power-law fits (So.GPm a r–~ ) to
the inner and outer halo gives values for a of ~4.5-
6.5 and wI-2, respectively. Since a=3 is expected
for time-invariant mass-loss at a constant expansion
velocity, the observed values of a in the halo could
be interpreted as due to changes with time of the
mass-loss rate. Such an interpret ation, however, is
not straightforward, since we have seen that the ra-
dial distribution of material is also peculiar in the
bright core region, probably due to the effects of a
strong shock interaction. Such an interaction could
also have affected the halo density distribution.

At @=4° in cut cc’, we find S0,Gpm=86 pJy arcsec-2.
Using the above equation, with g = 2, and T..t =0,
we get ~lOS= 6.5 x 10–4. This value is about a factor
400 lower than the values estimated from modeling
the far-infrared emission (see \4), or from the mass-
10SSrate derived from CO data (and a typical gas-to-
dust ratio). Even though the models for estimating
the above mass-loss rates assume that the nebula is
spherical ys ymmetric, which it clearly is not, the dis-
crepancy in the optical depth is much too large to
be an artifact of using spherically-symmetric models.
The simplest explanation is that the starlight is heav-

ily attenuated even along near-polar directions before
reaching the nebular lobes; the attenuation required
corresponds to a radial extinction optical depth of
~O,.Xt4, consistent with previous results (AHC80,
see $3.1) and our result from analysing the polari-
sation images (~3.3). We can estimate the 0.6pm ra-
dial extinction optical depth towards the star through
the equatorial waist ( T,) from the absence of a point
source in the central region. With no dust attenua-
tion, the type-A star would produce 7.5 x107 e– s–l
in the PC chip. We find that a conservative upper
limit on a point-source at or near the nebular center
is 6 e–s- 1; hence I-*~16.5.

We now develop a simple model which qualitatively
explains the observed radial distribution of starlight
in Roberts 22. In this and all further analysis in
the paper, we assume a value of 2 kpc (as recom-
mended by AHC80) for the distance to Roberts 22,
and 30 km s–l for the nebular expansion velocity
(V,ZP). We have adopted a distance smaller than
that suggested by BB91 (4 kpc), because at 4 kpc,
the luminosity of Roberts 22 is rather larg;e (105 Lo)
compared to the upper range of values found in AGB
stars (N 104 Lo). Although distances between 1
and 2.5 kpc are probably reasonable, we have cho-
sen a value near the upper end of this range based
on the higher than average OH expansion velocity
of Roberts 22, which suggests an above-average lu-
minosity (e.g. te Lintel Hekkert 1990). BB91 derived
V,ZP=35 km s–l from their modest signal-to-noise ra-
tio CO data, whereas the higher-quality OH line pro-
files shown by AHC80 suggest V,~P=22 km s-~. The
CO emission line profile extends =10 km s–l red-
wards of the red edge of the OH profiles, and is cen-
tered W6 km s–l redwards of the systemic velocity
of -6 km s-l Vls~ derived from the OH data. These
discrepancies between the CO and OH profiles may
be reconciled if OH emission at the most extreme
red-shifted velocities, arising from the far side of the
nebula, is absorbed by the same continuum central
source which we think might be amplifying the blue-
shifted emission (see S3.2) – the expansion velocity
would then be closer to that suggested by the CO
data. We conservatively adopt an intermediate value,
VezP=30 km S–l .

For an optically-thin nebula, the surface bright-
ness of singly-scattered photons decreases as r– a– 1
for a power-law density distribution p(r)m r-a. How-
ever, since the observed SO,G@~ in the core region
is roughly flat, then ignoring the unlikely possibility
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that the density in the core region increases as r (i.e.
a=-1 ), we can infer the following. First, the radial ex-
tinction is nota strongly increasing function of radius
in the core region, and second, the core is optically-
thick to scattering (optically-thin walls would give the
bright lobes a limb-brightened appearance, which is
not observed). The first condition implies that the
core contains relatively little absorbing material, i.e.
it is a hollow cavity, and the second condition inl-
plies that the cavity walls have a scattering optical
depth, ~U,,~Ct,larger than unity. The density must
fall rapidly beyond the walls in order to produce the
steep decrease in SO,ol~mobserved in the halo, which
must be optically-thin (since the bright lobes can be
seen through it clearly). We use a simple geonletri-
cal model to test ourhypothesis, and set quantitative
constraints on the cavity walls and surrounding neb-
ulosity. A schematic of this model is shown in Figure
6. The cavity wall is representedby a hemispherical
shell, surrounded by a low-density hemispherical halo
with p(r)cx r–-m. The density law inside the walls is
assumed to be p(r) w r––2. We do not assume in the
model that the density inside the cavity is zero – we
take the density to be p(r)cx r–-2, and use the data
to constrain it. Because the observed morphology is
clear]y much more complex than our model, we do
not attempt a detailed fit to the data (e.g. tuning the
density power-law exponents in the cavity wall and
interior). Our goal here is only to demonstrate that
our model can simulate reasonable approximations to
(a) the variation of SO,o~Unin the core region and in
the halo, and (b) the ratio of the brightness at non~-
inal points within the two regions. The densities in
the halo, relative to the clense walls, are constrained
by the decrease in surface brightness from the inner
region to the halo region.

A typical model surface brightness distribution
which simulates So,6pln for cut cc’ is shown in Fig-
ure 7(a). The model is not designed to simulate (a)
the region interior to r~O!’7 which is affected by the
dense equatorial waist, or (b) the region exterior to
r~7°, where the density power-law changes slope. We
have assumed (i) a mean radius of ru,=2!’8 and a
thickness 6r-U,=O!’4for the wall, (ii) a halo density
power-law with a %6, (iii) an isotropic clust scatter-
ing phase function, and (iv) an expansion velocity,
V~rP=30 km s– 1. The walls have to be much denser
than the cavity interior; e.g. we find that the ratio
of the density in the middle of the wall to the den-
sity in the middle of the cavity (r= 1’,’3), RWi, must be

larger than 10, in order to produce a sufficiently flat
surface-brightness profile in the bright inner (r@!7-
2!’5) region. For example, Figure 7(b) shows a model
with RWi= 10; clearly, the surface brightness profile
in the inner region is not flat like the model in Fig.
7(a) with RWi=430. The thickness of the cavity walls
must be less than 0!!5 in order to reproduce the sharp
turnover of the surface brightness from the flat inner
region to the steeply sloping halo region. The ratio
of the density in the middle of the dense wall to that
in the halo, say, at r=4”, is quite large (W 100). In
our models, the radial extinction optical depth from
the central star to the halo region just outside the
cavity walls (i.e. from O to A in Fig. 6) dominantly
arises in the dense cavity walls – if we require that
it equal the value estimated earlier (~o,,Xt ~6), then
for a grain albedo of 0.3 (see 53.3), the dust density
in the cavity walls is characterised by an ‘{equivalent”
dust mass-loss rate’ of w 1.2 x 10-5 MO yr-l, cor-
responding to an “equivalent” total mass-loss rate,
M.q - 2.4 x 10-3 Ma yr- 1 for a typical gas-to-dust
ratio of 200 (see S4). However, since an unknown
amount of extinction may arise close to the star, this
value provicles an upper limit on the wall density. A
lower limit on the wall density is provided by the re-
quirement that the scattering optical depth due to the
wall (i.e. along the vector BC in Fig. 6), ~W,,ctbe >1,
implying ficg >8 x 10–4 MO yr-l.

Thus, M,~ is about an order of magnitude higher
than the average mass-loss rate characterizing the
nebula as a whole (10–4 MO yr-l, see $4), provid-
ing quantitative support for the idea that the cavity
walls result from a fast wind sweeping-up matter in
the slowly expanding AGB envelope into an overdense
shell. Assuming that the mass-loss rate, MAGB, was
constant in the region containing the swept-up shell
(i.e. for r< rOU~,where rOUt= outer radius of cav-
ity wall) prior to the onset of this fast wind, then
MAGB/~eq = 6ru/rout. Substituting values for dr~,
(<0!!5) at?d rotit (3”) derived from our modelliug,
we find MAGB < 4 x 10–4 Ma yr-l. The mass
in the cavity walls, (M,q dr~j)/V,~P, is quite large,
0.3M0 (this value is insensitive to the mlcertain val-
ues of hr., ancl VezP because Me~ w V,zpJc$rw). The
dynamical time-scale for the formation of the cavity
(t.auaty) is small. Assuming that material in the fast

7the ~quiva]ent mass-]oss rate is a convenient way of representing
the density, p, (~=47rr2pVecP) in the cavity walls, and does
not represent the actual stellar mass-loss rate at any time
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wind has an initial velocity of 450 km s– 1 (from Ha
data, see ~1), and undergoes constant deceleration to
a final velocity of 30 km s-l, we find tCoVitV=l10 yr.
An upper limit of 440 yr can be set on t~~~itvby di-
viding the wall radius by 30 km s–l.

4. The Progenitor AGB Star: Nebular Mass,
Mass-Loss Rate and Luminosity

We now set constraints on the mass loss from the
progenitor AGB star of Roberts 22. Some fraction of
the nebular matter in Roberts 22 is readily detected
in the far-infrared thermal emission from dust grains.
We have therefore fitted the IRAS far-infrared fluxes
of Roberts 22 to estimate the mass of warm dust, us-
ing a multi-component dust emission model (Sahai et
al. 1991). The IRAS fluxes have been color-corrected
according to the color temperature determined be-
tween adjacent IRAS bands (e.g. Kwok, Hrivnak &
Milone 1986). A dust emissivity of 150 cm2g-1 at
60 pm (Jura 1986), with a A–P power-law variation
and p= 1 and 1.5 (characteristic of amorphous grains)
has been assumed. We find that the 100, 60 ancl 25
pm fluxes are well fit by a single warm (=1 OO-15OK)
component, however the 12 pm model flux is smaller
than observed. A second high temperature (~500 K)
component, with a mass roughly a factor ~ 10–3
smaller than that of the warm component, is suffi-
cient to make up for this deficiency. We find that the
masses and temperatures of the 2 components are, re-
spectively, 4.7(2.9) x 10–3 and 1.2(1.4)x 10–6 A!lo and
100(120) and 425(470) K; and the bolometric flux,
is 2.6(2.3) x 10”-7 ergs s–lcn~-2, corresponding to a
luminosity of 3.2(2.9)x104 LO, for p=l.5(1). As ex-
pected, our estimate is larger than the value, 2x 104
Lo, derived by AHC80 since the IRAS fluxes were
unavailable to the the latter, and in rough agreement
with the value derived by BB91.

The size of the far-infrared dust emitting region,
e~, is unknown; if we assume that the warm dust
is associated with the optical nebula seen in the
F606W image, we can derive a dust ejection titne-
scale, t.zP = (6~)/(2 v~~p), which is equal to 55OO
yrs with Od = 10”, and V=ZP=30 km S-l. The
progenitor AGB mass-loss rate is then estimated as
ti=Md ~]/t.Zp=10-4 MQ yr–l, where T=200, is a
typical gas-to-dust ratio for AGB CSES. We have re-
calculated the mass loss rate from the CO data using
the model described by BB91, adjusted for our dis-
tance of 2 kpc but keeping the angular size of the

CO envelope as in BB 1. The model fitting yields
MW 7 x 10-5 M@ yr–l for an assumed fractional CO
abundance of 10–4. The mass-loss rate from CO data
is uncertain because the fractional CO abundance,
the gas kinetic temperature, and the CSE size are
not well determined, whereas the mass-loss rate from
the IRAS data is uncertain because the dust prop-
erties, the size of the dust emitting region, and the
gas-to-dust ratio are unknown. The factor W2 un-
certainty in the distance also affects both mass-loss
estimates. Nevertheless, in spite of these uncertain-
ties, it is clear that the mass-loss rate for the AGB
progenitor of Roberts 22 lies near the upper-end of
the range (10-8 -10-4 MO yr- 1) observed for AGB
stars.

5. Discussion: The Structure of Roberts 22

In the popular GISW model, aspherical PN re-
sult when a fast (1000–2000 km s–l ) spherical wind
sweeps material in a slowly expanding progenitor
AGB CSE into a thin shell, provided the CSE has an
equatorial density enhancement (Balick 1987; here-
after, we will use the term “GISW model” with this
restricted interpretation). This model produces bipo-
lar sl}apes with reflection symmetry about the equa-
torial plane and cylindrical symmetry around an axis
orthogonal to the equatorial plane, Hence, an object
like Roberts 22, whose structure displays an overall
point-symmetry, does not fit naturally into the GISW
model.

Instead, Roberts 22 may fit better within the
framework of the alternative two-step mechanism for
the formation of PN proposed by Sahai & Trauger
1998. In this model, first, a high-speed (few 100 km s-l )
collimated (also referred to as jet-like) outflow (or
outflows) operating during the late-AGB or early
post-AGB evolutionary phase carves out an imprint
within an intrinsically spherical AGB mass-loss en-
velope. This imprint sets the stage for the develop-
ment of an aspherical PN. Subsequent expansion of a
hot, tenuous, even faster stellar wind inside this im-
printed AGB envelope, then produces the observed
PN, whose shape and structure depends in detail on
how the characteristics (direction, strength, opening
angle) of the jet-like outflows change with time. The
ST98 model is based on a recent Ha imaging sur-
vey of young PN, where all objects imaged showed
highly aspherical morphology, with a majority char-
acterised by multipolar bubbles distributed roughly
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point-symmetrically around the central star. PN
showing predominantly axi-symmetric structures are
special cases of the ST98 model in which the high-
speect outflow does not change its direction signifi-
cantly. The notaMe advantage of the ST98 model
over the GISW model is that it gives central impor-
tance to the role of fast, secondary outflows (with
v ..p < fewxlOOknls-l) which are being found in
increasing numbers in AGB stars and PPN (e.g. Sa-
hai et al. 1991). The presence of jet-like outflows
has been directly seen in many young PN and/or PN
(e.g. He2-142, K3-66, & BD+30”3639: ST98; He2-
104: Corradi & Schwarz 1993, My Cn18: Bryce et
al. 1997, Ml–92: Bujarrabal et al. 1998; NGC6543:
Barrington & 130rkowski 1994). Direct evidence of
an imprint being carved out by a high-velocity out-
flow within a roughly round AGB mass-loss envelope
is provided by high-resolution imaging of the proto-
type PPN, CRL2688 (Sahai et al. 1998a, Sahai et al.
1998b).

It is instructive to compare and contrast Roberts
22 with CRL2688 (e.g. Sahai et al. 1998a, Sahai
et al. 1998b and references therein) and another
well-studied PPN, the Red Rectangle (e.g. Oster-
bart, Langer & Wcigelt 1997 and references therein).
Each of these three objects is bipolar, with a pair
of bright lobes separated by a dark equatorial waist,
which complete] y obscures the central star. The spec-
tral types of their central stars (inferred from spectra
of the nebular scattered light) are also similar – A
for Roberts 22 and the Red Rectangle, and F5 for
CRL2688.

The detailed morphological structure of both the
bipolar lobes and the waist is considerably different in
Roberts 22 and CRL2688. Both nebulae show arc-like
structures which are probably projections of geomet-
rically thin shells of enhanced local density. However,
in Roberts 22 only about 5 extended arcs can be seen,
with shapes which are cert airily not round, whereas
in CRL2688 the arcs are roughly round in shape
and very numerous. The shape and structure of the
bright lobes in Roberts 22 is considerably more com-
plex than that in CRL2688. The dark waist region
in Roberts 22 has a considerable amount of clutnpy
structure, compared to the waist region in CRL2688,
which is smoothly contoured. Both Roberts 22 and
CRL2688 show a well-defined centro-symrnetric po-
larisation pattern in the bipolar lobes, however in the
equatorial waist region, Roberts 22, unlike CRL2688,
does not show a well-defined pattern of polarisation

vectors aligned parallel to the waist. Existing archival
HST images of the Red Rectangle nebula do not show
obvious complex clumpy structures or arc-like fea-
tures.

Roberts 22 and CRL2688 have large AGB mass-
10ss rates, w 10–4 MO yr–l, and compact high-
velocity outflows: in Roberts 22, the signature of this
outflow is seen in the extended wings (+450 km s–l )
of the Ha line, whereas in CRL2688 the fast outflow
is seen in the extended wings (+100 km s–l ) of CO
rot ational lines (e.g. Young et al. 1992). In con-
trast, only relatively narrow CO millimeter-wave line
profiles in the Red Rectangle have been observed, and
these have been interpreted as arising in a bipolar out-
flow (outflow speed of * 7 km s-l) from an edge-on
disk (Jura, Bahn & Kahane 1995).

Roberts 22 shows evidence for both oxygen-rich
(O-rich) and carbon-rich (C-rich) circumstellar ma-
terial, similar to the Red Rectangle (Waters et al.
1998), but in contrast to C-rich CRL2688. The pres-
ence of OH maser emission in Roberts 22 indicates O-
rich material, whereas its infrared spectra including
recent ISO-SWS spectra, show features usually associ-
ated with Polycyclic Aromatic Hydrocarbons (PAHs)
which are indicative of C-rich material (Allen et al.
1982, Cohen et al. 1989, Moister et al. 1997). The far-
IR 1S0 (23-44 pm) spectrutn of Roberts 22 shows fea-
tures seen in other O-rich stars (Moister et al. 1997).
A favored explanation for such objects showing both
C-rich and O-rich features is that the O-rich material
is due to gas expelled earlier in the AGB star’s mass-
10SShistory and captured by a binary companion in
a disk-like structure, whereas the C-rich material is
clue to gas expelled more recently after the AGB star
has changed from an O-rich star to a C-rich star.

What is the origin of the bright lobes in Roberts
22? It appears to be the same as in the case of
CRL2688 and Ml-92, where the bright lobes are
thin-walled cavities probably carved out by the hy-
drodynamic interaction of a fast collimated outflow
expanding within the slow AGB wind (Sahai et al.
1998b, Bujarrabal et al. 1998). However, the fainter
nebulosity surrounding the bright lobes in Roberts 22,
which we usually associate with the progenitor AGB
wind, shows large departures from circular synme-
try, in contrast to CRL2688 where the nebulosity and
arcs are roughly consistent with circular symmetry.
Therefore, either the AGB wind in Roberts 22 was
(a) intrinsically aspherical, or (b) the geometry of the
slow wind in regions beyond the cavity walls has been
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distorted by fast-outflow episodes which occurred be-
fore the formation of the cavities corresponding to the
bright lobes. We favor hypothesis (b) in view of the
large number of faint loop-like structures seen both
in the bright lobes as well as the fainter surrounding
nebulosity. The relatively wide CO line and the nlor-
phology evident in Fig. l(b) also suggests that the
bulk of the nebula has already suffered strong acceler-
ation episodes, probably due to shocks. The absence
of any extended shock-excited emission suggests that
the gas has cooled down and that the forward shock
front is now traversing a low-density region, signif-
icantly more distant from the central star than the
observed bright nebulosity. Shocks may well exist in
the very inner regions, but are obscured by the thick
equatorial dust. They could be responsible for the Ha
excess in the scattered light.

6. Conclusions

We have obtained high-resolution wide-band, narrow-
band and polarimetric images of the bipolar proto-
planetary nebula Roberts 22 with the Wide-Field &
Planetary Camera 2 on HST. OH maser-line emission
has also been observed using the Australia Telescope
Compact Array. We find that
(1) The nebula has the appearance of two bright bipo-
lar lobes shaped like a butterfly’s “wings”, separated
by a dark equatorial “body” of dense dust which
completely obscures the central star. The material
within each lobe appears to be organized into a very
large number of intersecting loops and filaments. The
bright lobes are surrounded by a fainter halo whose
inner region contains multiple thin shell structures,
reminiscent of those seen in the prototype protoplan-
etary nebula, CRL2688. The halo can be traced to a
distance of about 25” from the nebular center.
(2) The scattered light in the halo first decreases
rapidly, and then more slowly: power-law fits (S u
r-a) to the inner and outer regions gives values for
a of w(4.5-6.5) and N(l-2), respectively, inconsistent
with the value of 3 expected for time-invariant mass-
10ss at a constant expansion velocity.
(3) A model of the radial scattered light distribution
shows that the bright lobes are cavities with dense
walls which are optically-thick in scattered light. The
density in the middle of the walls (which are <0’!5
thick) is at least a factor 10 higher than inside the
cavity, and about a factor 100 higher than in the halo
at a radius of 4“. The amount of mass in the cavity
walls is quite large, 0.3M0, and the dynamical time-

scale for their formation is ~440 yr.
(4) The narrow-band images at 656 and 673 nm are
very similar to the broad band (0.6pnl) image, in-
dicating that the former also mostly show scattered
light. The 656 nm image has excess counts due to
Ha emission generated close to the central star and
scattered by the nebula.
(5) The bright lobes show high fractional polarisation
(40-50%) and a centro-symmetric polarisation pat-
tern, typical of a singly-scattering reflection nebula.
In contrast, the polarisation in the dark equatorial
region is small, and the polarisation vectors do not
show a simple orientation pattern. Comparison of the
polarisation data with published models shows that
models in which the dust grains in the lclbes have a
low albedo (wO.2), a Rayleigh-scattering phase func-
tion, and large optical depths, fit the data better than
models with high albedo (=0.5), a forward-throwing
phase function, and low optical depths.
(6) The OH maser-line emission at 1665 and 1667
MHz is found to be concentrated in the the dark equa-
torial region; the kinematics of the OH features indi-
cates that they arise in low-latitude outflows.
(7) The nebular morphology is characterised by a high
degree of point-symmetry, which may result from the
interaction of collimated bipolar outflows with the
progenitor AGB envelope.
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Fig. 1.— Wide-band images of the protoplanetary
nebula Roberts 22 taken with the PC chip (resolution
0!!0456/pixel) of the Wide-Field & Planetary Camera
2 on the Hubble Space Telescope through the F606W
filter. (a) In this reverse grey-scale image (logarith-
mic stretch), the maximum and mimrmum surface
brightnesses, defining the black and white ends of the
grey-scale, are 10.3 mJy arcsec-2& 6.6 pJy arcsec-2.
The small vectors pointing to our estimated location
of the central star (aJZooo=10h21m33 .78s, dJ2000=-

58°05’48!’0, marked as small-white circle in center)
identify directions for the intensity cuts shown in Fig-
ure 5. (b) A false-color image generated by processing
the image in (a) in order to emphasize sharp struc-
tures. The processed image, Imp = InxO/(ImO +
0.041mS), where InIo is the original image, and Ims
is obtained by smoothing Imo.

Fig. 2.— (a) F656N/F606W and (b) F673N/F606W
ratio images of Roberts 22. The resolution is
O’.’0456/pixel. Smaller values of the ratios are rep-
resented as darker shades in these linearly-stretched
grey-scale images.

Fig. 3.— The OH 1665 and 1667 MHz maser-line
emission features shown overlaid on the HST F606W
image. The OH maser features have been grouped
into 4 velocity bins (<-30, -30 to -10, -10 to 10, ancl
>10 km s–l Vlsr), and then displayed as circles with
size proportional to the square-root of the integrated
flux – the largest circle in panel (a) corresponds to an
integrated flux of 80 Jy, and in panel (b) to 2.5 Jy.

Fig. 4.— WFPC2 polarimetric images of Roberts 22
at 0.6pm derived from exposures using the POLQ fil-
ter set in combination with F606W. The orientation
of these images is the same as in Fig. 1. The images
show polarisation vectors (in red) and total intensity
contours (in black). A 100~0 polarisation vector is
shown at the top of each panel. Succesive contours
are spaced apart by a multiplicative factor of 1.732. In
(a) the full nebula is shown with the data binned 2x2,
the peak intensity contour is at 9.21 mJy arcsec–2,
and the 5 highest contours are labelled from 1 to 5
in order of decreasing intensity. In (b) only the inner
nebular region is shown, at full resolution (0!!0996),
the peak intensity contour is at 10.3 mJy arcsec-2,
and the 10 highest contours are labelled.

Fig. 5.— The 0.6pm continuum surface brightness as
a function of radius in Roberts 22, generated by tak-

ing cuts through the F606W HST WF3 image along
radial vectors passing through our estimated location
of the central star. Panel (a) shows five different cuts
(aa ‘-ee ‘,); their directions being indicated on Figure
1(a); the cuts are 6° wide. Four of these cuts, aa’-
dd’, correspond to different directions in the northern
and southern lobes, whereas cut ee’ traverses the dark
equatorial region. The intensities for cuts aa ‘-ee’ have
been normalized to values of 0.206, 0.069, 5.57, 1.86,
& 0.62 mJy arcsec–2. Dashed lines representing the

Power-laws r-s & r–l.~ are also shown for compari-
son. Panel (b) shows the surface brightness, averaged
over a 70° angular section covering the southern lobe,
out to a radius of 37”, illustrating the slow decrease of
the surface brightness in the outer halo region (r~7”).
Dashed lines representing the power-laws r–5 & r–l 5
are also shown for comparison.

Fig. 6.— A schematic diagram illustrating the geom-
etry used to model the scattered light in Roberts 22.
Each of the bright lobes is represented by the hemi-
spherical dense thin-walled cavity shown. Beyond the
dense wall lies a tenuous envelope, which represents
the observed halo region.

Fig. 7.— (a) The calculated 0.6pm continuum sur-
face brightness as a function of radius in Roberts 22
which roughly simulates the observed surface bright-
ness along cut cc’ in Fig. 5, using the model shown
in Fig. 6. The dense hemispherical cavity has a
mean radius rW=2’.’8 & thickness drW=O!!4, and the
low-density hemispherical halo has p(r)a r-6. The
dashed line shows an r-3 variation for comparison,
expected for optically-thin scattering in an inverse-
square density distribution. Note that the tangential
scattering optical depth in the shell is significantly
larger than unity, but in the halo, it is smaller than
unity. (b) Same as in (a), except that the shell wall-
to-interior density ratio has been reduced to 10, a
factor 40 lower than that in (a), resulting in a signif-
icantly poorer fit in the inner region (r~2’!5).
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